Abstract-In this paper, we consider a wireless-powered cooperative communication network, which consists of one hybrid access point (AP), one source and one relay to assist information transmission. Unlike conventional cooperative networks, the source and relay are assumed to have no embedded energy supplies in the considered system. Hence, they need to first harvest energy from the radio-frequency (RF) signals radiated by the AP in the downlink (DL) before information transmission in the uplink (UL). Inspired by the recently proposed harvest-thentransmit (HTT) and harvest-then-cooperate (HTC) protocols, we develop a new adaptive transmission (AT) protocol. In the proposed protocol, at the beginning of each transmission block, the AP charges the source. AP and source then perform channel estimation to acquire the channel state information (CSI) between them. Based on the CSI estimate, the AP adaptively chooses the source to perform UL information transmission either directly or cooperatively with the relay. We derive an approximate closedform expression for the average throughput of the proposed AT protocol over Nakagami-m fading channels. The analysis is then verified by Monte Carlo simulations. Results show that the proposed AT protocol considerably outperforms both the HTT and HTC protocols.
I. INTRODUCTION
Conventional energy harvesting techniques harvest energy from external sources such as solar power, wind energy, etc [1] , [2] . However, these power sources are not part of the communication network and may introduce extra complexity to the system. Recently, a novel RF energy harvesting technique has been proposed that the device can collect energy from the radio frequency (RF) signals [3] , [4] . A new kind of networks exploiting RF energy harvesting, named wirelesspowered communication networks (WPCNs), have emerged and drawn more and more attention. In a WPCN, wireless devices are only powered by the RF signals. In [5] , a WPCN consists of one hybrid access point (AP) and a set of users with no embedded energy supplies was investigated. A harvestthen-transmit (HTT) protocol was proposed. In HTT, the users harvest energy from the AP in the downlink (DL) before transmitting information in the uplink (UL).
[6] developed a framework of wireless-powered cooperative communication networks (WPCCNs), where some energy harvesting relays are deployed to improve the performance of WPCCNs. A typical three-node WPCCN consists of one hybrid AP, one information source (S) and one relay (R) to assist information transmission. Based on this three-node WPCCN, a harvest-then-cooperate (HTC) protocol was developed in [6] , in which the source and relay harvest energy in the DL at the same time and work cooperatively for UL information transmission. Considering a delay-limited transmission model and selection combining technique at the AP, the average throughput of the WPCCNs was analyzed by evaluating the system outage probability with a fixed transmission rate at the source. It is shown in [6] that the HTC protocol can yield considerable performance gain compared to the HTT protocol, by introducing the cooperation between the source and relay. Almost at the same time, similar cooperative schemes were proposed for WPCNs with different setups in [7] , [8] .
However, when we compare the HTT with HTC protocols for instantaneous channel realizations, we find that for some channel realizations, outages occur for the HTC protocol, but not for the HTT protocol. This means that the HTC does not always outperform the HTT in all channel realizations. Motivated by this, we develop an adaptive transmission (AT) protocol, where the AP adaptively chooses the source to perform UL information transmission either directly or cooperatively with the relay. To make this decision, the AP only needs to know the channel information between itself and the source, which can be estimated at the beginning of each transmission block.
The main contributions of this paper are summarized as follows: (1) We propose an adaptive transmission protocol for the WPCCNs, in which the HTT and HTC protocols are adaptively adopted based on the channel information 1 between the AP and the source. (2) Considering the delay-limited transmission scheme [9] and the amplify-and-forward protocol [10] employed at the relay, we derive an approximate closedform expression for the average throughput of the proposed protocol by evaluating the outage probability over Nakagamim fading channels. (3) To perform the performance comparison, we also analyze the average throughput performance of the HTT and HTC protocols over Nakagami-m fading channels. (4) Numerical simulations are performed to validate the analytical results. Results show that the proposed AT protocol considerably outperforms both the HTT and HTC 1 Here, we consider the case that at the beginning of each transmission block, the AP first transfers a certain amount of energy to the source that is dedicated to acquire the channel information between them. After this duration, the AP delivers wireless energy again, which will be used for UL information transmission. For the purpose of exploration, we assume that the time duration for this channel information acquisition is very short such that it can be ignored compared with the whole block. protocols.
II. SYSTEM MODEL
As shown in Fig.1 , we consider a three-node WPCCN with wireless energy transfer (WET) in the downlink (DL) and wireless information transmission (WIT) in the uplink (UL). The network consists of one hybrid AP, one information source (S) and one relay (R) to assist information transmission. The hybrid AP is connected to external power supplies while the source and relay are assumed to have no energy supplies. However, their batteries could store the energy harvested from the RF signals broadcast by the AP. Throughout the paper, we use subscript-A for hybrid AP, subscript-S for source and subscript-R for relay. We consider that the channel between any two nodes X and Y suffers from Nakagami-m fading with fading severity parameter 2 m XY and average power Ω XY , where X, Y ∈ {A, S, R}. Note that the Nakagami-m fading is an important channel model that can capture the physical channel phenomena more accurately than Rayleigh and Rician models. Moreover, we use h XY to denote the channel power gain from node X to node Y . The probability density function (PDF) and cumulative density function (CDF) of h XY can be expressed as [11, eq.2 .21]
where
dt is the lower incomplete gamma function. Besides, we assume that all channels experience slow, independent and frequency flat fading that the channel power gain remains unchanged but can be different from one transmission block to another.
The time diagrams of HTT, HTC and AT protocols are depicted in Fig.2 . In all three protocols, the first τ T amount of each transmission block T is allocated to the DL energy transfer. The harvested energy at the source and relay can thus be expressed as [5] 
where 0 < η < 1 denotes the energy conversion efficiency and P A is the transmit power of the AP. We consider that the source and relay will exhaust the harvested energy in the subsequent UL information transmission phase. For simplicity, we assume a normalized transmission block, i.e., T = 1, in the rest of this paper. In the following, we will present the received signal-to-noise ratio (SNR) at the AP for the considered three protocols:
A. HTT protocol
In the HTT protocol, after energy harvesting phase, the source will transmit information to the AP during the remaining time. The transmit power of the source is thus given by
The received SNR at the AP can be expressed as
where N 0 is the power of the noise suffered by all receivers and
B. HTC protocol
In the HTC protocol, the remaining time after DL energy transfer is further divided into two time slots with equal length
The first time slot is used for S to transmit information to R while the second time slot is used for R to forward information to AP. Amplify-and-forward (AF) relaying is assumed to implement at the relay due to its simplicity and selection combining (SC) technique [11] is employed for information processing at the AP. Similarly, the transmit power of the source and relay can be expressed as
The received SNR at the AP from the S-AP link can be written as
At the same time, the signal sent by the source can also be overheard by the relay. The relay will amplify and forward the received signal to AP using the power P R,2 given in (9) with amplification factor β=1 /√ P S,2 h SR + N 0 [12] . After some algebraic manipulations, we can express the received SNR from S-R-A link as
With the SC technique, the output SNR of the HTC protocol is given by
C. Adaptive transmission (AT) protocol
In the proposed AT protocol, the AP can adaptively choose the HTT and HTC protocols. More specifically, according to its transmit power and the channel information h AS h SA , the AP can judge whether an outage will occur when the HTT protocol is implemented at the source. If an outage happens, the HTC protocol will be activated, otherwise the HTT protocol will be adopted.
We first characterize the threshold on the product h AS h SA , which can guarantee that no outage occurs for the HTT protocol. The mutual information between the source and AP can be written as
Let R denote the transmission rate of the source. Then there is no outage for the HTT protocol when the following condition holds I
Substituting (6) to (15) and we have
where . Then, the output SNR at the AP with this AT protocol can be characterized by the following two cases:
The HTT protocol is implemented and the received SNR at the AP is give by
Note that no outage will occur in this case.
The HTC protocol is adopted in this case. We thus can express the received SNR at the AP as
III. THROUGHPUT ANALYSIS In this paper, we consider a delay-limited transmission mode [9] , where the throughput can be determined by evaluating the outage probability with a fixed transmission rate. To proceed, we first characterize the outage probabilities of HTT, HTC and AT protocols over Nakagami-m fading channels and have the following propositions.
Proposition 1: The expression of the outage probability of the HTT protocol over Nakagami-m fading channels can be expressed as
and K υ (z) is the modified Bessel function of the second kind with order υ [13, eqn.8.407].
Proof: Based on the analysis in Sec. II-C, the outage probability of HTT protocol can be expressed as
To achieve a closed-from expression for the last integral in (21), we apply the following formula [13, eqn.(8.352.6 
Then, we can further evaluate the integral in (21) as
where the last integral is solved by [13, eqn.(3.471-9) ]. Note that the closed-form expressions for the exact outage probabilities of the HTC and AT protocols are analytically intractable due to the complicated structure of the received SNR. Motivated by this, we apply the approximation used in [6] to approximate the received SNRs and derive approximate expressions for the outage probabilities of the HTC and AT protocols given in the following two propositions.
Proposition 2: An approximate closed form expression for the outage probability of the HTC protocol over Nakagami-m fading channels can be expressed as
and υ 2 =2 2R − 1. Proof: See Appendix A. Proposition 3: An approximate closed form expression for the outage probability of the proposed AT protocol over Nakagami-m fading channels is given by
Proof: See Appendix B. Given a fixed data rate R and the approximate outage probability, we can express the average throughput of the HTT, HTC and AT protocols as
where Z ∈ {HT T, HT C, AT }. Remark 1: From the above analysis, it can be concluded that the outage probability is inversely proportional to the received SNR γ A, 3 and µ 1 for the AT protocol. Furthermore, the received SNR given in (18) is proportional to µ 2 defined in (11) . Both µ 1 and µ 2 are proportional to the allocated time τ . Thus, the outage probability of the AT protocol is inversely proportional to τ . This observation is understandable since the more time allocated for DL energy transfer, the more energy the source and relay can harvest. This guarantees a higher transmit power, which results in a lower outage probability. However, the average throughput is also proportional to the information transmission time 1 − τ . Jointly considering the above analysis, we can deduce that there must be an optimal value for the DL energy transfer time τ between 0 and 1 such that the average throughput is maximized. In the future work, this could be an interesting work to derive. Same results can be obtained for HTT and HTC protocols.
IV. NUMERICAL RESULTS
In this section, we present some numerical results to illustrate and validate the above theoretical analyses. We consider the scenario that m XY = m for simplicity but their average powers Ω XY may differ from each other. In order to capture the effect of path-loss, we use the model that
between nodes X and Y , and α ∈ [2, 5] is the path-loss factor [14] . We consider a linear topology that the relay is located on a straight line between the source and hybrid AP. In all following simulations, we set the distance between the AP and source d AS = 10m, the path-loss factor α = 2, the noise power N 0 = −80dBm and the energy conversion efficiency η = 0.5. We first compare the analytical throughput derived in above sections with the Monte Carlo simulation results. The throughput of HTT, HTC and the proposed AT protocols versus the AP transmit power is shown in Fig.3 and Fig.4 . We can see that the simulation results agree with the exact expression of throughput for the HTT protocol and the derived approximate expressions of throughput for the HTC and AT protocols become very tight at medium and high transmit power conditions. This numerical results validate our theoretical results presented in Proposition 1-3. Also, it can be observed that the proposed AT protocol outperforms the HTC and HTT protocols for all transmit powers.
We will only plot the analytical results in the remaining figures since the theoretical analyses agree with the simulations when the AP transmit power is high enough. In Fig.5 , we plot the throughput curves versus DL energy transfer time τ with different transmit power P A = 35, 40dBm respectively. It validates our analysis in Remark 1 that there exists an optimal τ that maximizes the average throughput in all cases. But, the optimal DL energy transfer time may be not the same for different protocols. In these three protocols, the optimal energy transfer time of the proposed AT is the smallest, which means that the AT protocol consumes the least energy at the AP. Moreover, the higher the transmit power at the AP, the smaller the optimal value of τ . This is because that the source can harvest the same amount of energy with shorter time when the transmit power increases. Hence, the optimal τ will shift to the left as the value of P A increases. We can also see from Fig.5 that with the optimal DL energy transfer time, the proposed AT protocol can introduce a significant performance gain compared with both HTT and HTC protocols. Fig. 6 illustrates the effect of relay location on the average throughput in which the throughput curves are plotted versus d AR with the optimal values of τ . Note that the optimal value of τ can be easily found by one-dimension exhaustive search. Since HTT protocol does not have the external relay, the throughput is plotted as a straight line for comparison. We can see that the throughput for the proposed AT protocol is larger than that of the HTC and HTT protocols in all distance cases. Furthermore, the relay should be placed close to the source in order to achieve maximum throughput for HTC and AT protocols. Finally, jointly considering Figs. 3-6, we can conclude that the proposed AT protocol is superior to HTT and HTC protocols under all considered cases. V. CONCLUSIONS In this paper, we proposed an adaptive transmission (AT) protocol for wireless-powered cooperative communication networks. We derived the outage probability and average throughput of the proposed AT protocol over Nakagami-m fading channels. In order to compare the AT protocol with the existing HTT and HTC protocols, we also analyzed the performances of HTT and HTC protocols over Nakagami-m fading channels. Numerical results validated our analyses and shown that the proposed AT protocol outperforms the HTC and HTT protocols under all simulations. APPENDIX A PROOF OF PROPOSITION 2 For the HTC protocol, the mutual information between the source and hybrid AP is given by
The outage probability can thus be expressed as
We make the following approximation to the expression of γ SRA,2 given in (12) in order to calculate the outage probability [6] 
Based on the approximation in (30), we can obtain an approximate expression of outage probability for the HTC protocol
where the second equality follows the fact that Pr (A, B) = Pr (A) − Pr ( A, B ) [15, pp.11]. Now we calculate the three probability terms in the last step of (31). Similarly as (19), the first and second terms can be calculated as
For the last term, we have
Similarly as (19), I 1 can be calculated as
I 2 can be evaluated as
where the last integral is solved by [13, eqn.(3.471-9) ]. Substituting (32), (33), (34) to (31), we obtain the desired result in Proposition 2. This completes the proof.
APPENDIX B PROOF OF PROPOSITION 3
In the AT protocol, outage will only happen when the HTC protocol is employed under the channel information condition h AS h SA ≤ v1 µ1 and the corresponding mutual information is less than the required rate R at the same time. Mathematically, the outage probability of the AT protocol can thus be expressed as ) . ) .
With the similar methods used in Appendix A, we can evaluate the last three probability terms in (39) and obtain the desired expression given in Proposition 3.
